Abstract
Introduction
This review summarizes recent advances in modeling GaAs/AlGaAs heterostructure bipolar transistors (HBT) and GaAs and GaAs/AlGaAs field effect tran sistors (FET). It identifies those physical concepts that are not adequately included in present device models for HBTs, for conventional metal semiconductor FETs (MESFETs), and for heterostructure FETs (HFETs) such as two-dimensional electron gas FETs (TEGFETs), modulation doped FETs (MODFETs), high electron mobility FETs (HEMTs), and selectively doped FETs (SDFETs). This review also identifies areas requiring increased efforts for measurement techniques on processed GaAs. The term processed GaAs refers to material that is representative of the active regions of devices and not to bulk material. This review is based on the examination of five device models that have been selected from among several available GaAs device models. The five device models discussed contain features and assumptions found in the majority of device models reported in the archival literature.
Developing computationally efficient models that simulate the operation of solid-state devices is one goal of workers in this area. Achieving this goal re quires compromises between the sophistication of solid-state physics and the pragmatic demands of electrical engineering. There are two classes of com puter models: (a) Compact models, which use the methods of Gummel-Poon or Ebers-Moll, based on closed form solutions to approximate device equations. (b) Detailed models based on doping profiles and nu merical solutions to the coupled nonlinear semi conductor device equations with appropriate boundary conditions [1] . These equations are usually solved self-consistently by either finite element or finite difference procedures and in-
The views stated in this paper are those of the author and do not represent necessarily the views of the National Bureau of Standards.
elude Poisson's equation, current-density equa tions for holes and electrons, and continuity equations for holes and electrons. The discussion that follows pertains to detailed de vice models. Figure 1 gives the structure for a device similar to the one investigated by Asbeck et al. [2] . This HBT avoids many of the tradeoffs in the design of homojunction bipolar transistors. The HBT has a wider bandgap emitter (layer 3). The greater bandgap of the emitter compared to the base reduces substantially the hole injection from the base into the emitter. Re ducing the basewidth decreases the electron transit time in the device and thereby increases / T . The con duction band spike is reduced by the compositional grading [3] . This increases the injected electron cur rent and, therefore, the gain of the HBT. Such HBT devices with thin bases and high / T s are fabricated by molecular beam epitaxy (MBE) or by organometallic vapor phase epitaxy (OMVPE).
Typical Device Structures
Circuits containing HBTs, which are similar to the HBT in Fig. 1 , and operating at 300 Κ or 77 Κ may compete with or exceed the ultrahigh performance of Josephson junction circuits at 4K [4] . However, before HBTs can be used in high-speed integrated circuits, improved fabrication technology needs to be devised. In particular, the number of defects in the substrate and the number of interface states at junctions need to be reduced. Figure 2 shows a typical heterostructure HFET, which is similar to the one reported in Ref. [5] . The main feature of these devices is to have the donors in a wider bandgap GaAl x As!_ x layer (layer 2) and to have the electrons move in a nearby undoped GaAs chan nel (layer 4). These devices frequently have a spacer layer of undoped GaAs (layer 3) to shield the two-di mensional electron gas from the fields of the donors in layer 2. When the donor densities in layer 2 exceed about 10 17 cm -3 , the electrons do not have a bound state associated with the donor ions. The electron-ion scattering becomes significant in layer 2 and lowers the electron mobility. The undoped layers 3 and 4 provide the required high mobility, active region of the device.
The nonlinearity of the HFET is good for L^s~2/xm and very good for L g s ~ 0.5/xm [4] . This nonlinearity is the increase of g m with small (V gs -V T ) and in creases as μ η /^ increases, where μ η is the mobility of the electron in the channel. The current gain-band-width product increases as L g decreases. Hence, to increase g m s and / T s, shorter gate lengths and higher mobilities are needed. Gate lengths less than 0.5μπ\ place unacceptable demands on lithographic preci sion for commercial production. Heterostructure HFETs offer ways to achieve mobilities that are higher than those for GaAs alone. Such FETs are called TEGFETs [5] , MODFETs, HEMTs [6] , and SDFETs. One reason that similar devices are referred to by many names is that the understanding of how the devices function is incomplete. Most workers concentrate on how the carriers move in the channel and place less emphasis on how the carriers move from the source to the channel and from the channel to the drain.
Representative Device Models and Associated Assumptions
Many HBT, MESFET, and HFET models exist in the literature. Most authors use the predictions from such models to perform numerical experiments and thereby to suggest ways to improve device perfor mance. Few compare the predictions with measure ments from devices. In this section, five represen tative device models are presented to illustrate the recent advances in modeling GaAs devices. These five device models have been selected from among the many models reported in the archival literature, since as a set, they contain most of the essential features and assumptions found in HBT, MESFET, and HFET models. The many other models that are not dis cussed or referenced here are, with few exceptions, variations on those outlined below. Including discus sions of additional models would detract from the main purposes of this review; namely, identifying areas for which improved physical concepts and mea surement techniques are needed.
Formulation of Lundstrom and Schuelke
Lundstrom and Schuelke have developed a numer ical method for analyzing heterostructure semicon ductor devices (HBTs and HFETs) [7] . Their analysis is based on a macroscopic description of semiconduc tors with nonuniform composition. The LundstromSchuelke (LS) model contains conventional device equations. It discretizes the basic equations by the finite difference technique and uses the ScharfetterGummel [8] formulation for the current densities.
These authors have modified conventional device analysis programs to evaluate the two band param eters V n and V p . They describe the nonuniform com position by position dependent KS(X), V"(x), and V p (x). These modifications are valid only for heterostructures in equilibrium. Also, the LS model is strictly valid only when the material composition changes slowly and the concept of a position depen dent effective mass is reasonable [9] .
However, the above restrictions may not be appro priate for processed GaAs.
The main assumptions of the LS class of models are summarized below. The equilibrium γη product is as sumed to have the form
where AE g = -q(V" + V p ). Recent work [10] has shown that Eq. (1) gives incorrect descriptions for heavily doped silicon devices with emitter widths less than 3 μτα. Preliminary results indicate that simi lar difficulties occur with Eq. (1) for GaAs above 10 17 cm~3. Also, this and most other models as sume that the temperature is uniform throughout the device and that no strains are present. However, Moglestue has shown that local heating occurs be tween the gate and drain of η-type GaAs FETs [11] .
Lundstrom and Schuelke have applied their model to both the HBT in Ref. [2] and to the TEGFET in Refs. [5, 12] . They have not compared the predictions of the LS model for HBTs with measured I-V data. Only nu merical experiments to understand better the behav ior of HBTs are reported. They have compared the LS model predictions with measured quasi-static capaci tance versus reverse gate voltage for the TEGFET [12] . The agreement is good except at high voltages (> 8V), for which breakdown may occur.
Formulation of Asbeck et al.
Asbeck et al. [13] have modified the one-dimen sional, finite difference code SEDAN [14] to be appli cable for HBTs. The basic semiconductor equations are similar to those for the LS model in the "Formula tion of Lundstrom and Schuelke," section except the constitutive relation for J"
is replaced with the equation
The electron velocities are obtained from equilibrium and ballistic transport relations for v(E). They have considered the dependence of / T on current density and on various v(E) relations [15] by performing nu merical experiments on HBTs [2] . They have used these predictions to suggest new designs for devices. Because adequate measurements and theories for the dependence of njjnf on the high carrier and do pant densities present in their HBTs do not exist, HBT models contain the assumptions that n]Jn\ = 1 and that /^(maj) = μ ρ (τηίή) and μ η (maj)= μ η (πύη) at the same doping densities. These physically ques tionable assumptions exist also in the recent Monte Carlo simulations reported by Tomizawa et al. [16] .
Using the current crowding under the emitter as a variational parameter, Asbeck et al. have compared the dc common emitter gain versus collector current with measured values. The agreement is marginally acceptable. Continuing additional numerical experi ments without better input data for mobilities, band edge changes, and effective intrinsic carrier con centrations has limited value to assist in improving HBTs.
Formulation of Riemenschneider and Wang
Riemenschneider and Wang have developed a twodimensional, finite-element program for analyzing transient and steady-state characteristics of GaAs MESFETs [17] . The devices that they have analyzed are dominated by electrons, and the contribution of holes to the total current flow is negligible. The holes would be important if the model were to include para sitic effects, such as backgating or other mechanisms for minority carrier injection. But, few, if any, twodimensional, finite-element models consider parasitics. The generation and recombination terms in the relation for the conservation of electrons are set to zero. The electron current in the model is derived from classical transport theory
Equation (4) [19] . They do not include the effect of dynamic velocity overshoot. Since most velocity overshoot formulations such as Cook and Frey [20] do not consider the multivalley nature of electron transport in GaAs in detail, Riemenschneider and Wang consider the accuracy of the models that use them to be doubtful.
Riemenschneider and Wang have reported only nu merical experiments on comparing the predicted per formance of planar MESFETs with recessed gate MESFETs. They have no experimental verification of their calculations. This tends to be the rule and not the exception for modeling GaAs devices. Verification of models to the extent accomplished for silicon de vices is rare for GaAs device models.
Formulation of Cook and Frey
Cook and Frey [20] have presented computer sim ulations of GaAs MESFETs that include transport effects (velocity overshoot). They offer an engineer ing-level description of hot electron effects in GaAs MESFETs. Their transport model contains many as sumptions. Some of the more significant ones are as follows: (1) Including the upper and lower valleys in the transport equations makes the procedure too complicated, so they have used an equivalent single valley model [21] . 
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Hence, a very significant question remains to be answered in the modeling of state-of-the-art GaAs de vices. Namely, do the two assumptions (5) and (6) compensate each other and lead to good quantitative simulations or do they add and lead to additional er rors? Before this question may be answered, however, the quantitative correctness of the boundary condi tions used in GaAs device models must be deter mined. The convoluted nature of boundary condi tions representing the physical device and of assumptions (5) and (6) makes verifying GaAs device models a challenge. Others [24] state that, at present, the boundary conditions used in most GaAs models may be quantitatively in much greater error than the errors associated with any of the above assumptions. If this is true, then comparing the predictions of en ergy transport and conventional models with mea sured I-V data is not of value until knowledge of the boundary conditions improves.
Cook and Frey have compared the predictions of conventional models with their energy transport model for the case of a uniformly doped planar MES FET. They have concluded that whenever W (E) in creases rapidly with E, then the transport model should be quantitatively superior to conventional models. However, they have performed only numer ical experiments.
Formulation of Yoshii, Tomizawa, and Yokoyama
Using a Monte Carlo scattering description, which is similar to that given by W. Hockney et al. [25] , Yoshii, Tomizawa, and Yokoyama [26] follow in space and time the trajectories for all particles under the inhomogeneous, local electric field. Their method is a valid way to solve the Boltzmann transport equation. As is the case for the formulation of Cook and Frey, the formulation of Yoshii et al. requires that the scattering mechanisms and the band structure be quan titatively given as functions of carrier concentrations and/or doping densities. However, since it also re quires substantial computer resources compared to the other methods, it is used rarely to optimize de vices. Instead, full Monte Carlo particle simulations may provide a sound physical basis for parameters in the relaxation time approximation. The latter then may be used with improved confidence to optimize device performance.
Using their two-dimensional full Monte Carlo par ticle simulations, the authors of reference [26] have concluded that nonstationary carrier transport influ ences considerably the device characteristics of submicrometer-gate GaAs MESFETs and that the relaxa tion time approproximation may overestimate the nonstationary effects.
Physical Concepts for GaAs Devices
Reducing the number of unknown parameters in device models increases the effectiveness of com puter models for product development. The extent to which manufacturers of GaAs ICs will be successful in "forward engineering" with computer models de pends, in part, on the correctness of the physical con cepts used. An example of "forward engineering" based on detailed models is the recently reported improvement in the performance of short-channel NMOS devices [27] .
It is essential that any changes in the device physics be anticipated at the time that computer codes for sol ving, numerically, the device model are developed. The numerical stability of the solutions depends greatly on the algorithms employed [24] . The latter may be sensitive to the dependences of the device pa rameters on densities, electric fields, temperatures, and position.
The remaining parts of this section contain ex amples of how improved device physics might con tribute to better performance of GaAs/AlGaAs HBTs and FETs.
GaAs/AlGaAs Bipolar Heterostructures
The potential for high-frequency performance has increased the effort devoted to GaAs/AlGaAs heterojunction bipolar transistors (HBT). Proposed devices [28] 17 cm~3 in η-type GaAs [29] . Above these concentrations, theory suggests that quantities such as E G , A tL , Δ τΧ , n ie , mobilities, and lifetimes should be calculated in terms of the perturbed band structures and not in terms of the band structure for the intrinsic material.
Any bipolar-detailed device model planned for the immediate application to GaAs/AlGaAs HBTs, such as those described in Ref. [13] , would not incorporate these effects because of high dopant and carrier con centrations. This would occur because expressions for such quantities as n ie as a function of doping or carrier density are not available in a form suitable for use in detailed models. The usual expressions for the majority carrier mobilities and drift velocities would also be used, because acceptable expressions for mi nority carriers do not exist. A third area of difficulty is that knowledge of recombination centers and mi nority carrier lifetimes is very meager in GaAs. For example, if the number of recombination centers is too great, carrier transport becomes impeded. As a result of this lack of verified input data for GaAs bi polar device models, no discernible correlation be tween measurements and model predictions should be expected.
FETs Numerical simulations for the carrier transport in the channel of MESFETs reveal three distinct effective field regions: contact, channel, and a rapidly forming space charge dipole [30] . For a Ιμ-m-gate with an n-type dopant density of 2x 10 17 cm' 3 in the channel of a conventional MESFET, the carrier density in the accumulation region of the dipole region is about 3.5 x 10 17 cm 3 and the carrier density in the deple tion region is about 10 17 cm -3 . This dipole forms in about lOps when ideal voltage sources are assumed [31] .
Device performance characteristics, such as transconductance, are sensitive to changes in the carrier mobility. The changes in mobilities for the channel and dipole regions depend in part on the band struc ture parameters, particularly on A rL [29, 24] . These band parameters are expected to differ from the in trinsic band parameters due to carrier-dopant ion and carrier-carrier interactions.
Backgating and light sensitivity, which degrade cir cuit performance and may limit packing densities [32, 33] in MESFETs, have been shown by C. R Lee and coworkers [34, 35] to be related to carrier injection from the substrate and to carrier transport from the substrate to the active region. Many proposals for re ducing the effects of backgating [34, 36, 37] involve the transport of minority carriers.
The source and drain contacts and the Schottkybarrier gate provide other areas where physical con cepts are not adequate. For example, the transition from the n-type channel, through the n + drain, to the highly degenerate alloy contact has abrupt concentra tion changes and large mobility variations. Also, the presence of trapping states at the Schottky-barrier in terface greatly influences the Fermi energy and the work function and may contribute a new mechanism of charge storage. The latter may limit device speed.
Design engineers need detailed models for ohmic contacts and Schottky barriers to predict their highfrequency behavior. They are particularly interested in knowing before fabrication whether any upper lim its for the frequency responses of contacts or gates will affect their design considerations.
Breakdown in the region between the drain side of the gate and the drain has been observed. Device en gineers need to know more precisely where the ava lanche process begins and how the carrier injection mechanism takes place in their search for strategies to increase the gate to drain breakdown voltage.
New Measurements for Processed GaAs/AlGaAs
As devices become faster and smaller, understand ing the ultrafast behavior and nonequilibrium trans port must improve. Designers of high-speed devices lack accurate techniques to measure device perfor mance. An underlying principle is that the measure ment technique must be faster than the device under test. Electrical measurements are usually used to test devices. This approach is successful when the elec trical techniques for device characterization are faster than the devices under development. However, when the goal is to build the fastest device, the usual elec trical techniques use the device to measure itself. An example of the latter approach is the ring oscillator technique applied to MESFETs. Since the time resolu tion of the electrical measurements based on a ring oscillator is determined by the individual devices themselves, only estimates of device speed are pos sible and little understanding of ultrafast processes and nonequilibrium transport result.
Pulsed optical or electron beam techniques offer al ternative methods by which to measure many of the parameters listed in the Appendix and to increase un derstanding ultrafast devices. Pulsed optical tech niques are faster than most high-speed technologies such as semiconductor and superconducting elec tronics. Pulsed optical techniques may, therefore, be the preferred way to measure key parameters for de vice models and to measure the electrical behavior of fast devices. One new technique [38] introduces dis crete charge packets by a pulsed laser. This time of flight method has been applied to measure high-field transport at Si-Si0 2 interfaces. Whether such tech niques are applicable to interfaces involving GaAs needs to be determined. A basic problem is that a technology for building a resistive gate in GaAs does not exist. Other challenges include: (1) pulsed optical or electron beam techniques may not be fast enough for GaAs; (2) sample quality may not be adequate over the path length needed [24] ; and (3) applying a uniform, lateral electric field to the sample over the entire path length has not been demonstrated for GaAs.
Conclusions
The major conclusions from the discussions above are (1) The measured and theoretical data for many of the electrical and material properties 
Appendix: Input Parameters for GaAs Device Modeling
Several of the input parameters that are needed for modeling GaAs devices are listed below. 
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